Abstract-Dexterity of robots is highly required when it comes to integration for medical applications. Major efforts have been conducted to increase the dexterity at the distal parts of medical robots. This paper reports on developments toward integrating biocompatible conducting polymers (CP) into inherently dexterous concentric tube robot paradigm. In the form of tri-layer thin structures, CP micro-actuators produce high strains while requiring less than 1 V for actuation. Fabrication, characterization, and first integrations of such micro-actuators are presented. The integration is validated in a preliminary telescopic soft robot prototype with qualitative and quantitative performance assessment of accurate position control for trajectory tracking scenarios. Further, CP micro-actuators are integrated to a laser steering system in a closed-loop control scheme with displacements up to 5 mm. Our first developments aim toward intracorporeal medical robotics, with miniaturized actuators to be embedded into continuum robots.
INTRODUCTION
During the last ten years, the development of continuum robots for minimal invasive surgery (MIS) and natural orifice transluminal endoscopic surgery (NOTES) has been increasing and numerous innovative designs have been introduced. 3 Despite of the breakthrough of continuum robots, actuation of an endomicroscope tip is a major technological challenge. 12 In the realm of gastro-intestinal endoscopy, this possibility brings high potential for accurate navigation and diagnosis as closely as possible to the tissue. Among the different candidate designs for such intracorporeal applications, concentric tube robots (CTR) present one of the highest abilities. In contrast with tendon-driven robots 23, 25 or pneumatically actuated robots, 8 CTR are distinguished by their miniaturization (outer diameters smaller than 3 mm), dexterity (their degrees of freedom increase by adding more component tubes), reachability (extension and contraction possibilities), as well as function integration with their free lumen. 13, 21 Nevertheless, CTR motion and dexterity can be limited by their preset component tubes' curvatures. While the overall curvature of a given segment of a CTR can be modified online by concentrically arranging and rotating individual tubes, 2 it has been shown (i) that for the same number of tubes, varying the curvature along one or two directions increases both the workspace and the robot's manipulability, 7 and (ii) that combining concentric tubes with tendon-actuated segments highly improves motion abilities such as follow-the-leader deployment 1 and dexterity. 16, 22 In order to reduce invasiveness of medical/surgical operations and to improve standard endoscopes' accuracy, this paper introduces a novel biocompatible micro-actuation technique of tubes able to house diagnosis tools to perform fiber-based optical biopsy or laser surgery. The possible embedded techniques of micro-actuation include hydraulic actuation, 14 shape memory alloys, 10 and piezoelectric actuators, 17 among others. The major drawbacks of these techniques for our target application comprise the complexity of the control, the additional heat, or the need for high power. ElectroActive Polymers (EAP), and particularly Conducting Polymers (CP) were selected for several reasons. Indeed, they require very low operating voltages (< 2 V) while providing large deformations, biocompatibility, softness, and high miniaturization potential. 4 CP actuators can undergo volume change by applying a potential of reduction or oxidation onto the component electrodes, which results in the expansion or contraction of the polymer by absorption or expulsion of ions. The latter are provided by a surrounding electrolyte in aqueous form or as gel to allow for encapsulation. One of the less energy consuming CP, PolyPyrrole (PPy) is studied hereby. The challenge is to bend tubes with diameters smaller than 1.5 mm with PPy-based micro-actuators of approximately 10 lm in thickness for use in active endomicroscopy. The kinematic benefits of such an actuation were studied in combination with concentric tube paradigm 7 and the first integration of such actuators in a soft robot was introduced. 5 The general concept is depicted in Fig. 1 .
Added to summarizing methods of fabrication of EAP-based micro-actuators, this paper introduces two integration scenarios of the same. Extended qualitative and quantitative performance analysis and experiments with a 2D soft robot prototype are provided both in terms of workspace characterization and trajectory tracking using feedback control. We further extend our previous investigations 6 to include miniaturized laser steering system and its accurate control in closed-loop, which is presented here for the first time, to the best of our knowledge. In the following, the technological developments are detailed and validated through experimental results.
MATERIALS AND METHODS

Tri-layer Micro-Actuators: Fabrication and Actuation Principle
All micro-actuator samples are constructed by electrochemical polymerization process using a Voltastat PGP 201 potentiostat (Radiometer Analytical, Loveland CO, USA) controlled by VoltaMaster 4 software. A standard three-electrode system is linked to the potentiostat and composed by Ag/AgCl electrode as reference electrode and a platinum sheet as counter-electrode. The working electrode is a PolyVinylidene DiFluoride (PVDF) membrane Immobilon-P (Merck Millipore Corp., Darmstadt, Germany) of 110 lm in thickness. According to product specifications, the membrane is hydrophobic and presents pore size of 0.45 lm with a porosity rate 70%. The interest in using this membrane relies on the pores, thus it can absorb and permits transport of electrolyte during actuation. Prior to its introduction in the polymerization setup, conductance of the membrane is supplied by vacuum plasma sputtering of 40 nm chromium/gold layer on both sides. Further, the electrochemical deposit is performed based on Yamaura et al. protocol 24 and Gairhe et al. process. 11 Thus, low oxidation potential (< 1 V) and current density (0.1 mA/cm 2 ) are applied, while operating at low temperature (~2 25°C). In order to provide better adherence and compactness to the polymer layer, organic solvent is selected, namely Bis(TriFluoromethane) SulfonImide Lithium salt (LiTFSI) at 0.05 M and 99% pure pyrrole at 0.06 M (Sigma Aldrich, Saint Louis, USA). The fabrication process is summarized in Fig. 2a and concerns the deposition of conductive electrodes by plasma sputtering in clean room conditions, prior to electrochemical deposition of PPy layers.
The actuation principle of PPy-based micro-actuators is depicted in Fig. 2b . The electrical stimulation through the voltage v produces a chemical reaction (oxidation and reduction). The ions of the electrolyte then migrate on one electrode or the other, depending on the polarity of the voltage. In such electrolytes used for EAP, the anions are larger than cations. Due to ion migration, a difference in volume is produced, which creates the bending motion of the actuator.
After synthesis, a micro-actuator of 40 9 1 9 0.16 mm 3 is patterned. For actuation, the sample is immersed in the actuating solution composed by 0.05 M of LiTFSI diluted in propylene carbonate.
It is worth mentioning that the porosity of the PVDF membrane is a key feature. Indeed, not only the membrane is (i) a passive support holding both conductive electrodes, it also acts as (ii) a container for the FIGURE 1. Concept of a continuum robot founded on concentric tube paradigm with variable curvatures using soft micro-actuators based on EAP. An optical bench is embedded in the robot's end-effector as an example. 6 actuation electrolyte, which then enables storing and transporting ions required for the reversible chemical reaction. Furthermore, excessive polymer thickness deposited on the PVDF membrane improves the conductivity and conversely obstructs pores, which limits the ions' mobility.
Control Architecture of a 2D Soft Robot
A 2D telescopic soft robot is designed and presented in Fig. 3a . It is constituted of a straight section (stiff tube) of 3.8 mm in length, and a curved section (trilayer planar PVDF/Cr/Au/PPy micro-actuator). The latter can translate in the tube along Y-axis and bend around Z-axis. The forward in-plane kinematic model (FKM) is based on constant curvature assumption, as will be shown for the developed micro-actuator. An arc of a circle in the XY plane is defined by its curvature j (inverse of the radius of curvature r) and its length l.
Thus, the transformation matrix from the arc origin frame O to its tip frame E is:
where R z ðhÞ is the rotation about the Z-axis with the bending angle h = jl and p ¼ rð1 À coshÞ rsinh ½ T is the arc tip location. The arc variables j and l are linked to the robot actuators q ¼ q v ½ T . q is the translation value and v is the actuation voltage of the micro-actuator. The intrinsic curvature of the second segment is denoted j 2in = C PPy v, with C PPy the PPy electrochemical conversion of the micro-actuator. The microactuator's stiffness is considered negligible compared to that of the tube. The length l 1 = L 1 of the first segment (guiding tube) is constant. The second segment's curvature is j 2 = j 2in as it is free outside the guiding tube and its length is l 2 = L 2 .
The control diagram is detailed in Fig. 3b . The reference trajectory is discretized into successive, timestamped desired points (
, where X d i and Y d i are desired coordinates and t d i is the timestamp. This reference is then compared to the measured position through camera feedback and image processing. A differential inverse kinematic based controller is then utilized to compensate for the error and update the actuators. The translation actuation is controlled through the motor's inner loop. Concerning the curvature, a Proportional-IntegralDerivative (PID) controller is applied after a transformation to angular displacement. The experimental setup includes the voltage controller, the translation stage, and the camera feedback. The latter components are monitored through a Matlab Simulink program using the Visual Servoing Platform (ViSP) through the new opensource dedicated blockset CVLink. Matlab/ Simulink 2011b is ran on an Intel Xeon CPU 2.33 GHz computer. Tracking the position of the actuator is performed using an IEEE 1394 Guppy FireWire camera (Allied Vision Technologies, Stadtroda, Germany) placed in front of the smallest dimension of the actuator (hence its thickness) as shown in Fig. 3a . The actuator is attached from both sides via a miniaturized conductive gripper. The latter is fabricated from a conductive tube of 1.5 mm diameter and 30 mm length. The tube is then severed longitudinally through electrical discharge machining (wire erosion) using a fine tool-electrode of 100 lm. Therefore, two separate arms are obtained. A heatshrinkable sleeve of 1 mm length is wrapped around the two gripper's arms at their middle to unite them and the actuator is properly clamped at one tip. Thus, the required displacement is obtained and the microactuator is properly connected. Both of the gripper arms are finally welded to the power wiring. The potential is supplied using the USB-6211 (National Instruments, Austin, Texas, United States) multifunction data acquisition module. The two analog outputs used to send the voltages can operate between ± 10 V with a resolution of 3.512 mV. One analog input is used to measure the current with a quantum of 0.088 mV through a 10 X resistor. On the other side, the gripper is linked to the M111.1DG translation stage (Physik Instrumente GmbH & Co. KG, Karlsruhe Germany) with a travel range of 25 mm, a maximum velocity of 1.5 mm/s, and a minimum incremental motion of 0.05 lm using the Mercury C-863 single-axis controller (Physik Instrumente). Therefore, the miniaturized conductive gripper and the actuator can translate inside a guiding tube of 5 mm in diameter and 20 mm in length.
Using the visual feedback, the program detects the actuator by means of a suitable thresholding. In order to track exclusively the actuator end-effector, a physical marker is joined as demonstrated in Fig. 3a . It is a circular marker with a dark point of approximately 1 mm diameter (2.5% of the actuator's length) that can be properly detected and tracked by the camera. A preliminary test on the detected mark area is done and an additional evaluation of its shape factor is performed through the isoperimetric quotient (circularity). This test permits a robust tracking of the endeffector during the experiments even when the scene is subject to luminosity variation. The measurement accuracy depends substantially on the marker size. In order to quantify the former, the actuator is placed at a static position, and the marker center is detected for an arbitrary duration. Following the calibration of the camera, the variation of the position is detected and converted afterwards to millimeters. The horizontal error of the marker barycenter is about 33 lm while the vertical error is 22 lm. In order to enable a suitable description of the micro-actuator's position with a single variable, we further defined its angular position b (see Fig. 3a ). This variable is used in the control algorithm as well as in the following characterizations.
Laser Steering Using Tri-layer Micro-actuators
In this subsection, closed-loop control of an optical fiber (SMF 28) by PPy micro-actuation is detailed. The micro-actuator is fixed to the optical fiber by small pieces of heat-shrinkable sleeve (one at each end of the micro-actuator). By doing so, decent deflection angles of the system are obtained, as shown in Fig. 4a .
As mentioned above, a Matlab Simulink program through ViSP is used to process the camera feedback. The latter is used for position tracking of a target placed on the free end of the optical fiber (see Fig. 4b ). The same power supply mechanism described in the previous section is applied here.
RESULTS
Motion and Force Characterization of the Microactuator
The displacement characterization of the actuator is performed. First, the objective is to obtain the time response of the tri-layer actuator for different applied voltages (step response) in terms of angular displacement of its end-effector. The setup, previously de-scribed, is used to measure the deformation of the entire actuator. Offline image processing enables the angle detection according to time, as shown in Fig. 5a . It is observed that the angle depends on the applied voltage and the response time is challenging to measure due to the drift. The system is nonlinear and the response time is variable as depicted in Fig. 5b .
To further characterize the micro-actuator, force measurements are performed using the experimental setup depicted in Fig. 6a . The micro-actuator is fixed to a conductive gripper ensuring both mechanical fixation and power supply. A FT-S-1000 force sensor (FemtoTools AG, Buchs, Switzerland), shown in Fig. 6b , provides up to 1000 mN of measurement range with a resolution of 0.05 lN at 10 Hz. Further, a camera is set in order to monitor the experiments and to align the actuator movement with the sensor's probe sensitive direction (see Fig. 6a ). The latter works in compression and traction and has a width of 50 lm, consistent with the actuator's width of 1 mm to ensure full contact during motion. Control power and data acquisition are performed via a Matlab/Simulink program. Measurements are ensured to start at the closest possible position to the probe to prevent disturbances due to dynamic effects.
Over incremental actuation voltages ranging from 0.2 to 2.2 V, the generated forces are measured at the micro-actuator's tip. In order to avoid dynamic effects, a step input should be avoided. Instead, an incremental actuation of 55 s is chosen before reaching the reference voltage, as shown in Fig. 7a . Regarding the micro-actuator's dynamics, this duration is assumed to be sufficiently high to stabilize the motion. Therefore, for each polymerization time (2, 6, and 14 h), three sets of measurements are performed and their mean value is considered. Figure 7a depicts the example of a polymerization time of 10 h.
The results show that the generated force is proportional to the actuation voltage for a given polymerization time, but saturate at high voltages. This can be explained by the saturation in the ions' motion involved in the bending movement of the micro-actuators (cf. Fig. 2b ). Based on force measurements, the maximum forces for every polymerization time is extracted and shown in Fig. 7b . Maximum force mea- 
Closed-Loop Control Performances of the 2D Soft Robot
Closed-loop control experiments are led using the 2D soft robot prototype. First, the robot's workspace is experimentally characterized, as depicted in Fig. 8a with the inner and outer boundaries. The translation stage is driven between q min = 0 mm and q max = 25 mm, while voltages ranging between v min = 2 0.7 V and v max = 0.7 V are applied to the micro-actuator. This characterization permitted to identify the workspace of interest in the following validation. The maximum displacement along X-axis reached 25 mm as expected from the translation stage, and the displacement along Y-axis reached 40 mm following the micro-actuator's bending in two directions.
The control scheme previously presented in Fig. 3b is implemented to the considered robot using a sampling time of 0.2 s. This is the minimum rate admissible by the Matlab/Simulink program with the running processor. The studied trajectories are located in the central lower part of the robot's workspace and concern a square and a spiral trajectories. These trajectories consist of multiples intermediate desired points P d i with a fixed time stamp Dt d i ¼ constant. The desired point is updated every 14.4 s for the square and every 8 s for the spiral. Each test is reiterated three times to validate the repeatability of the process.
The performances of trajectory tracking are quantified in terms of mean error, standard deviation (StD), maximum error (Max), and intra-trajectory repeatability in terms of StD of the latter three metrics. The square trajectory is performed clockwise starting from the upper left edge and the spiral trajectory is tracked counter-clockwise starting from the outer boundary. depict an example of each trajectory performed by the 2D soft robot. Figure 8d shows a summary of the square trajectory tracking performances with three different step sizes (16, 20 , and 32 desired points) and Fig. 8e depicts the results of the spiral trajectory tracking.
These results highlight a trajectory tracking accuracy with a mean error than can be inferior to 0.12 mm, a StD decreasing below 0.08 mm, and maximum error that can be lower than 0.76 mm over the three tests of the square trajectories. The overall mean error, mean StD, and maximum error of the spiral trajectory tracking are 0.19, 0.15, and 1.6 mm, respectively. The maximum errors are relatively high due to the initial distance of the robot's end-effector from the first desired point, as shown in the first iterations in Figs. 8d and 8e . The trajectory tracking performances are more accurate-around two times-with a finer sampled desired trajectory (i.e., the distance between two consecutive desired points P d i is twice higher). However, with smaller steps, the robot's motion is slower and exhibits less overshoot. Overall, the mean trajectory tracking error did not exceed 0.7% of the micro-actuator's length. Qualitatively, the real- ized trajectories are generally smooth in the curved trajectory (spiral). However, the robot's motion exhibits slightly non-linear trajectories, especially in the neighborhood of the square's edges. This is essentially due to the different dynamics between the inner control loop of the translation stage and the bending control loop of the micro-actuator (cf. Fig. 3b ). The translation stage is ran at its maximum velocity (2.5 mm/s), while the maximum absolute supply voltage is set to 2.5 V. Therefore, the angle compensation is faster than the translation one. This behavior can be overcome by further motion scaling and/or adaptive control gains. One can conclude from these results that the trajectory tracking with the 2D soft robot can be achieved at different rates and different accuracy. The suitable feature for the intended application needs to be underlined based on safety requirements as the environment constraints (e.g., minimized error to avoid undesirable contact with the tissue) or the intended application (e.g., fast motion for laser scanning).
PPy Actuation for Laser Steering
The response of the PPy micro-actuator linked to the fiber in respect to the control references (step and stairs signals) is displayed in Figs. 9a, 9b , and 9c. The control voltage was limited to ± 2.5 V in order to avoid any damage to the PPy micro-actuator due to high voltages.
In the case of the step control signals, the system response is slower than that of the individual microactuator. This is an expected effect as bending the optical fiber requires more force with respect to the voltage limits. However, once the steady state is reached, the system fulfills the control requirements with a steady state error of less than 0.6%. Moreover, we can see from Fig. 9 that the system reaches the steady state slightly faster, in the case of the negative reference signal compared to the positive reference. This is due to the fact that fabrication of a tri-layer PPy micro-actuator with a perfectly symmetrical structure is still a major technological challenge. As for the stair reference signal (shown in Fig. 9b ), we can observe a similar behavior (the step reference) in terms of delay to reach the steady state. Nonetheless, in this case it is physically more constraining to bend from 2.5°to 5°than from 0°to 2.5°. This behavior can be explained by the fact that it is easier to produce bending near the relaxed state (at 0°) than after constraining the PPy micro-actuator with additional stiffness of the optical fiber. Concerning the system's response time T r during the step response experiments, the range is between 5.6 and 13.2 s.
Further angular control experiments concerned the response of the system to sawtooth reference signal, with the same input voltage limit of ± 2.5 V. Figure 9d shows that sudden reference switches (from 0°t o 5°and from 2 5°to 5°) significantly decrease the tracking performances. That is why we can observe a dramatic jump in the mean error from 1.5% to 8% compared to the stairs reference signal (as shown in Table 2 ). When the reference signal is smoother, the system's tracking performances increase. 
DISCUSSION
The large displacements of PPy-based micro-actuators with respect to their dimensional footprint is a promising feature that can be further improved. The current results showed mean trajectory tracking errors lower than 0.7% of the micro-actuator's total length. The integration of such actuators was proven in a preliminary 2-DoF soft robot, which opens the scope to embed the same in different robotic systems with high dimensional constraints and demanding positioning accuracies.
As an application example, the planar micro-actuator is fixed to a silicone tube of 1 mm diameter using a heat-shrinkable sleeve at the lower end, as depicted in Fig. 10 . An optical fiber linked to a laser generator is placed inside the tube. The system is then actuated and the laser is steered to a maximum displacement of 5 mm. This proves motion capabilities of PPy-based micro-actuator notwithstanding its softness. Further, this paper demonstrates closed-loop control of an optical fiber actuated by tri-layer PPy micro-actuators. One can imagine the use of exteroceptive sensors to accurately control laser steering devices in confined spaces. Thus, using a soft actuator while generating sufficient output force would provide medical/surgical applications with operational yet safe approach.
In order to increase the integration of PPy microactuators on continuum robots, the former could be electrochemically deposited on the tube. This approach is challenging and constitutes an ongoing work in our group. In addition, the use of four electrodes will potentially enable to control the robot link in two DoF. The main technological challenge is to deposit homogenous PPy layers on circular substrates and to separate the required four electrodes.
In conclusion, this paper presents first prototype integrating a PPy-based micro-actuator in a laser steering scheme. Further, the micro-actuator's maximum force is assessed with respect to its polymerization time. Overall, the forces were sufficient to perform The movement amplitude can be further increased with longer polymerization time. Conversely, saturation in the thickness growth during the fabrication process could prevent enhancing motion performances and reduce the dynamics. Nevertheless, for free-space applications such as laser steering (discussed in this paper), both forces and displacements are satisfactory, while the motion velocity should be improved. Indeed, very high positioning accuracy was achieved for relatively large displacements (up to 40 mm). However, the response time should be improved to meet medical applications such as OCT imaging requirements, defined to be between 10 and 30 Hz. 19 In order to do so, one can increase the voltage amplitude limit, at the expense of a lower sustainability of the EAP-based micro-actuators or investigate control algorithms in the frequency domain. Further, using Interpenetrating Polymer Networks (IPN) is a promising technique to combine benefits of high-force polymers (e.g., PPy) and high-speed ones (e.g., Polyethylene oxide-polytetrahydrofurane, PEDOT). In order to fulfill multiples objectives (response time, large displacements, high forces), this combination is an open research question, which involves material science/nanotechnology, automatic control, and robotics.
The control experiments are led using visual feedback from an external camera. While this configuration was proven effective, its integration in a realistic medical scenario requires further experiments and adaptation. Intraoperative images can be used as feedback, or methods using miniaturized cameras in eye-in-hand configuration can be implemented to provide an endoscopic-like view. 15 Moreover, the range of displacement is satisfactory to operate Bscans with common path OCT compared to MEMS based probes, 20 such as those from Agiltron (Woburn, Massachusetts, USA). Mosaicking with confocal laser endomicroscopy 18 can also be applicable if one considers the available diameters (up to 300 lm for the S300 probe) of the recent development from Mauna Kea Technologies (Paris, France).
Finally, this paper aims to provide the community with fabrication, integration, and control strategies for EAP-based micro-actuators to use in soft robotics for medical applications exhibiting highly constrained environments (limited workspace, biocompatibility, etc.) and requiring submillimetric positioning accuracy (diagnosis and/or therapy). 
